I. INTRODUCTION
R ADIO frequency identification (RFID) applications continue to increase in number, and new uses of the technology have prompted innovative tag design. Achieving smaller tag footprints is of particular importance, motivating the development of 3-D designs that make more efficient use of the antenna volume [1] , [2] . However, most commercial tag designs that are currently available are optimized for either on-metal or off-metal conditions, and the performance is greatly diminished when the surrounding environment differs from the intended one. As demonstrated in [1] - [3] , dipole antennas are commonly used for off-metal systems, but fail to operate properly when mounted horizontally over or near metallic objects. On the other hand, patch antennas and folded dipoles have been implemented for on-metal systems [4] , [5] , generally with a low off-metal read range.
In the case of a dipole antenna located close to a ground plane (e.g., separation < λ g /8), the currents of the original sources and their images are in opposite directions, therefore resulting in diminished radiated fields. Electromagnetic bandgap structures [6] , used to create high-impedance surfaces, or the introduction of folded arms to increase the radiation efficiency [5] are some of the ways that are used to address this drawback.
In this letter, four RFID tag designs are presented that are optimized to operate in both on-metal and off-metal conditions. These designs are particularly useful for medium-size to heavy equipment tracking, where the thickness of the tag is not a critical factor. The impedance matching to the passive RFID integrated circuit (IC) is achieved by two parallel stubs to ground, allowing the tags to cover both industrial, scientific, and medical (ISM) RFID UHF bands (864-868 MHz and 902-928 MHz). The best achieved on-metal read range is greater than 12 m, improving upon the tag presented in [6] by ∼4 m and a comparable performance with the tag presented in [7] while also having a significantly smaller footprint due to its 3-D geometry. The antennas were fabricated using additive manufacturing processes: fused deposition modeling (FDM) of thermoplastic and microdispensing of silver paste. Meshed ground planes are used to reduce the conductive ink usage (by ∼50%) and printing time, while having minimal effect on the performance. 
A. Baseline 2-D Tag Design
The geometry of the planar 2DL antenna is shown in Fig. 1 and is similar in size to the design in [6] . This antenna includes a thick (6 mm) low-permittivity substrate for the purpose of having constructive in-phase reflections from the ground plane. A conventional monopole antenna is used as the radiating element, aiming to achieve broadside radiation particularly while mounted on metallic objects. The dipole is also chosen due to its ease of manufacturing and integration with printed circuit boards or surface mount components, in this 1536-1225 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. case the NXP UCODE G2il SL3S1203_1213 RFID passive IC, which has a sensitivity of −18 dBm. The measured electrical properties of the acrylonitrile butadiene styrene (ABS) substrate at 1 GHz are ε r = 2.6 and tan δ = 0.0058. The monopole radiating arm measures 67.5 mm and is optimized from a λ g /4 length at the center frequency of the European (862-868 MHz) and American (902-928 MHz) ISM RFID bands. The antenna is designed to be conjugate-matched to the passive IC that has normal mode impedances at 866 and 915 MHz of Z in = (25 − j237) Ω and Z in = (23 − j224) Ω, respectively; the stable impedance over frequency makes the chip useful for dual-band operation. The impedance matching from the antenna to the IC is achieved using a matching loop [2] consisting of two parallel tuning stubs connected from ground to the antenna, where the length L12 coming from ground to the monopole connection point and the width W11 are adjustable parameters to provide the necessary susceptance to achieve a matched condition. A simulated broadside gain of 3.16 dBi is achieved both on-and off-metal.
B. Two-Dimensional and Three-Dimensional Reduced Footprint Tag Designs
Miniaturization techniques were applied to the baseline 2DL tag design in order to reduce its footprint while aiming to maintain similar performance for both on-and off-metal applications. Fig. 1 (center) shows the 2DS geometry that is based on the 2DL design but has a reduced width from 57 to 22.5 mm and footprint reduction of 222%.
The 2DS design keeps the substrate thickness, the geometry of the radiating element, and the matching loop from the 2DL tag constant. However, the reduction of the ground plane width compromises the antenna radiation efficiency and, therefore, the peak broadside gain due to an increase in edge radiation; the simulated off-metal broadside gain for the 2DS design is 1.8 dBi compared to 3.16 dBi for the 2DL tag. The reduction in peak gain can be addressed by increasing the height of the antenna with respect to the ground plane since often this is a dominant factor in determining the radiation properties [8] .
Another approach to account for the gain reduction of the smaller ground plane is to introduce a 3-D geometry. Fig. 1 (right) shows the proposed 3DL tag antenna that has a height of 22 mm and is printed on a 1-mm-thick substrate; its simulated off-metal peak broadside gain is 3.06 dBi. Further size reduction is achieved in the 3DS design (see Fig. 2 ) by including a meandered structure as a technique to compress the antenna into a reduced area. The 3DS tag, with a similar height of 22 mm, is also fabricated on a 1-mm-thick substrate. In this design, however, a longer radiating arm is needed to overcome the reduction in effective length that is produced by greater electric field coupling between the traces [9] . The 3DS geometry takes advantage of the available radiation sphere in a more efficient way when compared to the other designs [9] , with an electrical size at 915 MHz of ka = 0.588 compared to 1.093 (2DL), 0.972 (2DS), and 0.983 (3DL). The 3DS geometry allows an area reduction compared to the 2DL design of 520%, keeping a similar on-metal performance, with a broadside simulated gain of 5.02 dBi, while mounted over a 0.9-m-diameter copper disc, and 3-dBi gain while mounted over a 300 × 300-mm 2 rectangular ground plane. The four tag antennas show a simulated −10-dB reflection coefficient bandwidth that allows them to operate in both the European and American RFID ISM frequency bands. Simulations were performed with ANSYS HFSS 15. Fig. 3 shows the simulated current density at 915 MHz for the proposed tags. It is seen that the current is mainly distributed along the center arm, with a high value at the IC connection and a minimum at the end of the arm. On the 2DS, 2DL, and 3DL designs, the tuning stubs show a low-current distribution; hence, their main contribution is to the impedance matching rather than to radiation. In the case of the 3DS design, the stubs are connected closer to the chip, and higher current density is observed on them; this stub current distribution contributes to radiation and, consequently, allows the tag to match the performance of the physically bigger 3DL tag. For all the designs presented in this letter, the simulated polarization is linear and aligned with the main arm of the tag. Similar current distributions are observed at 864 MHz.
The 3DS meshed ground tag shown in Fig. 4 has an advantage of requiring less ink usage and printing time. As described in [10] , the ground density (D) defines the ratio of the conductor used with the meshed ground to the conductor needed for a solid ground. If the mesh dimensions are selected as a = 0.45 mm and b = 0.45 mm (as illustrated in Fig. 4 left) , the ground density is 51.5%, which means that approximately half as much ink is needed to fabricate the ground plane; a close-up of the fabricated mesh is shown in Fig. 4 (right) . The simulated return loss referenced to the chip impedance for all designs is given in Fig. 4 (bottom) .
Impedance tuning of the 3DS design to accommodate different ICs or operating frequencies can be accomplished by manipulating the length of the tuning stubs during the initial design stage. These stubs are connected to ground and wrapped around the cuboid outer walls before making contact with the radiating monopole arm, as shown on Fig. 2 . The length L41 can be adjusted on both stub arms to fine tune the antenna's reactance and, consequently, the resonant frequency. Fig. 5 shows changes in the antenna Z in for different L41.
The sensitivity of the 3DS antenna to the coupling between the line (L41+L42) and the ground plane is comparable to the sensitivity observed for changes in the tuning stub geometry. This observation is supported by simulated and measured data for designs where the line-to-ground plane separation varies from 1.25 to 3.25 mm. From these results, it can be concluded that changes in the parasitic stub height H41 can be compensated by adjustments in the overall stub length to maintain a desired resonant frequency without perturbing the antenna's performance.
C. Fabrication
FDM and microdispensing are the technologies used to fabricate the dielectric and conductive layers, respectively. Both processes are realized using an nScrypt Tabletop 3Dn printer. The dielectric sections for both 3-D designs are fabricated by printing each of the 1-mm-thick ABS slabs individually with FDM using 0.25-mm-thick layers. The printer temperature settings are 110°C for the bed, and 235°C for the nozzle, printing speed is 20 mm/s, and the tip used has a 250-μm inner diameter. The microdispensing head is then used to deposit the silver paste (Dupont CB028) to pattern the antenna elements; the paste is dried at 90°C for 1 h. The printer settings are pressure of 12 psi and printing height of 100 μm. Finally, the parts are manually bound into a hollow package using a two-part epoxy resin.
III. MEASURED RESULTS
The on-/off-metal performance of the four fabricated tags was measured and compared against those of each other different commercially available tags and previously published tags. Radiation pattern measurements were made inside an anechoic chamber. Read range measurements were performed using a movable fixture to manually adjust the distance following an approach similar to [11] . A CS101 Handheld RFID and Motorola MC9090-G readers were used to determine read range for each tag, due to their power adjustment capability; the distance was measured with a Bosch GLM15 laser measure tool. The reader power setting (threshold power) was increased from 10 up to 31 dBm and plotted against maximum read distance. Data were fitted with a model consistent with the Friis equation: log 10 (1/d 2 ), where d is the distance between the reader and the tag. [5] 125.5 × 140 × 1.5 2.0 5.0 2 Patch [4] 140 × 40 × 2 -2 . 5 4 PIFA Array [12] 127 × 52 × 0.8 2.5 2.4 1.25 Dual PIFA [13] 64 × 64 × 2 -1 0 . 2 4 Compact PIFA [14] 39 × 40 × 4 -6.33 4 Cavity Structure [7] 176 × 61 × 31 11.0 15.0 4 scenarios: off-metal, on-metal, and separated 1 in from ground with a plastic standoff [see Fig. 6(d) ]. The standoff is intended to emulate the height of the 3DS geometry. Although the on-metal measured read distance improves with the additional height, the largest distance obtained is below the one achieved with the 3DS tag. Fig. 7 shows the simulated and measured off-and on-metal E-and H-plane normalized gain patterns. Table I shows a comparison of measured read range of the four proposed tags and several previously published tags. With an on-metal read range of 12.5 m, the 3DS geometry has an improvement of 3.8 m with respect to [6] . Although the tag reported in [7] shows better read range, it occupies 12.8 times the volume of the 3DS tag.
IV. CONCLUSION
Four different RFID tag antennas built on ABS substrates have been developed for dual-band operation (ISM UHF 864-868 MHz and 902-928 MHz). A baseline 2DL tag design was presented initially with a similar on-and off-metal performance; this design was then compressed into three different versions with smaller footprint and volume. For a threshold power of 31 dBm, the maximum measured on-and off-metal read distance is 12.5 and 11.5 m, respectively, from the 3DL design with dimensions of 97.75 × 22.5 × 22 mm 3 . A similar performance was then obtained with a more compact design 3DS with dimensions of 52.75 × 22.5 × 22 mm 3 and read range on-/off-metal of 12.1 and 11.3 m, respectively. Impedance matching and tunability was obtained by two stubs to ground, allowing functionality with multiple RFID passive ICs. It is also shown that for the 3-D printed versions, the ink needed to print the tags can be reduced by ∼50% by using a meshed ground approach with minimal effect on the read range. The performance is compared to that of tags commercially available and reported in the literature under on-and off-metal conditions. Designs described in this letter are useful in applications where the thickness of the tag is not critical, presenting an improvement in read range, gain, and area.
